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Cross-Reference To Related Applications 

The present application is a continuation in part to U.S. Application Serial Number 
10/206,547 filed on July 26, 2002 and incorporated herein in its entirety by reference. 

Background of the Invention 

5 Field of Invention 

This invention relates to a highly active catalyst- useful for syngas generation, and more 
particularly to a calcium promoted, nickel catalyst on an alumina support, wherein the catalyst is 
stabilized by the addition of titanium. The catalyst is highly active and resistant to coking especially 
in a feed stream containing significant quantities of CO and CO2, relatively low quantities of steam, 
10 and, optionally, relatively high quantities of sulfur compounds. A process of manufacture of the 
catalyst and a process of use of the catalyst are also disclosed. 

Background Art 

Production of synthesis gas or syngas (various blends of gases generally comprising 
hydrogen and carbon monoxide) is an important process step in the manufacture of numerous 
15 chemicals, such as ammonia and methanol. It is also useful in numerous other commercial processes, 
such as iron ore reduction, Fischer-Tropsch synthesis and gas-to-liquid technology. Many of the 
synthesis gas plants produce the syngas by steam reforming hydrocarbons. Typically, these plants 
employ a process of catalytic steam reforming of methane in the presence of a supported nickel 
catalyst, usually nickel on an alumina support or nickel on a promoted alumina support. 

20 However, the presence of sulfur compounds in the reforming system, for example, quantities 

of H2S as low as several parts per billion, can deactivate conventional steam reforming catalysts. 
Therefore, sulfur is usually removed before being allowed to enter the reformer. In a reducing gas 
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generation process, the feed may include a significant amount of sulfur or sulfur compounds, and the 
catalysts need to retain sufficient high reforming activity at sulfur levels up to about 20 parts per 
million. While higher temperatures and H2 partial pressures in the reaction feed can reduce the level 
of deactivation, these higher temperatures may also adversely affect the physical structure of the 
5 steam reforming catalysts. 

Another problem that often occurs with reforming reactions is an enhanced likelihood of 
coking or carbon formation on the catalysts. In conventional reforming processes, there is essentially 
no CO in the feed stream. In contrast, in reducing gas generation processes, the low H2O and high 
CO and CO2 conditions make coking of the reforming catalysts a problem. Carbon formation from 
10 CO at the inlet section of the reformer in the reducing gas generation process is especially critical. 
On nickel catalysts the effect of this coking is coating of the active nickel sites and plugging of the 
pores of the catalyst. 

Several solutions have been proposed to address the coking problem. For example, 
manufacturers have used a large excess of H2O in the reformer feed stream, but this is not suitable for 

15 reducing gas generation processes. U.S. Patent No. 5,753,143 proposes the use of a noble metal 
catalyst. It is well known that noble metal catalysts have higher coke formation resistance compared 
to conventional steam reforming catalysts that merely utilize nickel, but these noble metal catalysts 
are quite expensive, especially with the large quantity of catalysts that is conventionally utilized for 
this type of reaction. Morioka has addressed the coking problem by the use of high dispersion of 

20 metal species over the surface of the catalyst, such as various types of double hydroxide catalysts. 
U.S. Patent No. 4,530,91 8 teaches a nickel on alumina catalyst with a lanthanum additive. 

Another process for limiting coke formation on nickel catalysts during reforming reactions 
utilizes the sulfur that is naturally present in the feed stream. In this process - referred to as 
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passivation - sulfur poisons some, but not all, of the nickel sites on the catalyst and produces a 
reforming catalyst which retains sufficient active sites to be useful for gas production at lower H2/CO 
ratios. The amount of sulfur that is present in the feed stream must be carefully controlled so that the 
catalyst retains sufficient activity for the reforming reaction, and the process often requires a 
5 substantial quantity of catalyst in the bed. 

Conventional steam reforming nickel on alumina catalysts may include additives to enhance 
their performance and to reduce the coking problem. For example, alkali compounds may be added 
to steam reforming catalysts to reduce carbon formation but because of their potential migration 
during high temperature processing the alkali metals can adversely impact downstream operations. 
10 Magnesia has also been added to steam reforming catalysts to suppress carbon formation, but 
magnesia promoted catalysts are hard to reduce and maintain in a reduced state. 

Nickel oxide and magnesia are very similar in structure. Thus, a nickel oxide and magnesia 
combination material is usually formed during the high temperature reaction. The reducibility of 
nickel oxide and the activity of a magnesia-based catalyst is heavily dependent on the calcination 
15 temperature and opertion conditions, with a less active catalyst resulting when the calcination 
temperature is higher than 400*^0 and in a less reducing environment. Thus, magnesia-supported 
nickel catalysts are difficult to utilize for reforming reactions, especially - for reducing gas 
generation. 

A nickel catalyst for reducing gas generation is conventionally produced by impregnating 
20 nickel on an alumina or magnesia carrier. In use because the reforming reaction is a strongly 
endothermic reaction and in order to obtain high hydrocarbon conversion, high temperatures are 
required for the reaction, sometimes running as high as lOOOX. Even when the reaction is 
conducted at lower temperatures, in the range of 700®C, it is still necessary to use low surface area 
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alumina, such as alpha alumina as the carrier material for these catalysts. In fact, alpha alumina is 
the only alumina phase that is stable enough to be used as a carrier under conventional reforming 
conditions. With catalysts produced from alpha alumina carriers, however, the BET surface area, 
pore volume and nickel dispersion on these catalysts is quite low. For example, a conventional steam 
5 reforming catalyst of this type prepared with nickel on alpha alumina has a BET surface area in the 
range of 1 - 4 m^/g, a pore volume from about 0.08 to 0.16 cc/gm and a nickel specific surface area 
from about 0.5 to 1.5 m^/g. 

While lanthanum-promoted alumina catalysts of U.S. Patent No. 4,530,918 have shown some 
advantages in the production of carbon monoxide rich syngas at close to stoichiometric requirements, 
10 the surface area and nickel dispersion of these catalysts is still in a range comparable to conventional 
alpha alumina-based steam reforming catalysts with BET surface areas only slightly improved to 
about 5 mVgm with a nickel specific surface area less than 2 mVg. 

Thus, there is still a need to improve existing nickel on alumina catalysts for reforming 
reactions utilizing a feed stream containing significant quantities of CO and CO2 and low quantities 
15 of steam (the feed stream having a H2O/CH4 < 0.8 and a CO2/CH4 > 0.5). Further, the addition of 
additives to these catalysts has not to date shown sufficient satisfactory results to overcome the 
coking problems while maintaining high reforming activity in the presence of a significant amount of 
sulfur. 

20 
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Summary of the Invention 

The invention is a calcium promoted, alumina supported, nickel reforming catalyst stabilized 
with titanium, especially for use in feed streams containing significant quantities of CO and CO2, low 
quantities of steam (the feed stream having a H2O/CH4 of less than 0.8 and a CO2/CH4 of greater than 
5 0.5) and, optionally, relatively high quantities of sulfur compounds (up to 20 ppm). The catalyst 
comprises from about 25 wt% to about 98 wt % alumina as a support, and from about 2 wt% to about 
40 wt% nickel oxide, which is promoted with from about 0.5 wt% to about 35 wt% calcium oxide, 
and which is stabilized with from about 0.01 wt% to about 20 wt% titanium, wherein the calcium 
oxide is combined with the alumina to form calcium aluminate. 

10 The invention further comprises a process for the production of a stabilized calcium 

promoted, alumina supported nickel reforming catalyst for use in feed streams containing significant 
quantities of CO and CO2, low quantities of steam (the feed stream having a H2O/CH4 < 0.8 and a 
CO2/CH4 > 0.5) and, optionally, relatively high quantities of sulfur compounds. The production 
process comprises combining an aluminum compound with a calcium oxide additive to form a 

15 mixture, forming the mixture into a desirable shape, preferably pellets containing one or multiple 
holes, treating the formed mixture with steam, calcining the steamed, formed product at a 
temperature from about 900°C degrees to about 1700°C degrees to form the catalyst precursor, 
impregnating the catalyst precursor with a nickel salt solution, and drying and calcining the 
impregnated material to form the calcium promoted, alumina supported nickel catalyst. The 

20 stabilizer may be added, without limitation, with the calcium oxide, or after heat treatments, or at the 
time of nickel addition. 
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Detailed Description of the Invention 

The present invention is a highly active, coke resistant nickel catalyst especially useful in 
feed streams containing at least 15 mole percent (and more typically 18-20 mole percent) of 
hydrocarbons, low quantities of H2O (less than about 20 mole percent and preferably less than about 
5 1 5 mole percent), significant quantities of CO and/or CO2 (at least 20 mole percent of CO + CO2, and 
typically more than 30 mole percent of CO + CO2), and, optionally, relatively high quantities of 
sulfur (up to about 20 ppm). The balance of the feed stream is hydrogen. The catalyst is a calcium 
oxide promoted, alumina supported, nickel catalyst that is stabilized with titanium. The catalyst of 
the invention has a considerably higher BET surface area and nickel specific surface area and greater 
10 pore volume than conventional alumina-supported nickel catalysts such as those used for 
conventional reducing gas generation reactions. 

The precursor for the catalyst of the invention is prepared by combining a calcium compound 
promoter with an aluminum compound carrier material. An exemplary compoisition of the precursor 
comprises from about 0.5 wt% to about 25 wt% and more preferably from about 2 wt% to about 16 

15 wt% calcium, preferably in the form of calcium oxide or calcium hydroxide. Combined with the 
calcium compound promoter as the carrier of the catalyst is from about 25 wt% to about 98 wt% of 
an aluminum compound, wherein an exemplary composition comprises alumina or aluminum 
hydroxide or alpha alumina. The calcium compound used as the precursor of calcium includes but is 
not limited to calcium carbonate, calcium oxide, any forms of calcium aluminates, calcium nitrate, 

20 and calcium hydroxides, preferably calcium carbonate, calcium oxide, calcium hydroxides, and 
calcium aluminates. The aluminum compound used as the precursor of aluminum includes but is not 
limited to aluminum oxide, aluminum hydroxide, aluminum nitrate, any forms of calcium aluminates, 
and any organic forms of aluminum, preferably aluminum oxide and aluminum hydroxide. 
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The precursor material is formed such that the calcium compound promoter is combined with 
the aluminum compound carrier to form various calcium and aluminum combinations, such as 
hibonite (CaO«6Al203) and other calcium aluminates, such as CaO'>2Al203 and CaO^A^Oa. Any 
stable calcium aluminate can be utilized. However, preferably, no free calcium oxide is detectable in 
5 the precursor by x-ray diffraction after the formation of the catalyst. 

The precursor is formed by conventional procedures. Appropriate quantities of solid alumina 
and/or aluminum hydroxide are mixed with calcium aluminate cement, calcium oxide and/or calcium 
hydroxide. The mixture is then blended with graphite and water to form granules. The granules are 
then formed into any desirable shape, such as tablets, using a tabletting machine. An exemplary 

10 shape, without limitation, for the tablets is cylindrical with one or multiple holes, for example, five to 
ten holes extending through each tablet. The formed tablets are then treated in a reactor under steam 
pressure up to 150 psig for about 4 to 24 hours. After steaming, the tablets are calcined to a 
temperature of about 250^C to about 1700''C for from about 6 hours to about 36 hours to remove 
moisture and to develop ceramic bonds to form the calcium aluminates through a solid state reaction. 

15 The resulting calcium-promoted, alumina carrier has a BET surface area of at least about 2 mVgram 
and a pore volume, measured by mercury penetration, of at least about 0.30 cc/gram. 

After the calcium aluminate precursor material is formed, nickel is loaded onto the precursor 
by impregnation of the precursor material with a nickel salt solution. The precursor may be 
impregnated by any means known in the art, for example, the precursor can be immersed in a nickel 
20 salt solution, such as nickel nitrate, and then dried and calcined at a temperature from about 350°C to 
about 650'^C for from about 1 hour to about 5 hours to transform the nickel nitrate to nickel oxide. 
The impregnation step may be repeated until the target nickel loading level is reached. For a 
reforming catalyst, the recommended nickel oxide loading on the precursor is from about 2 wt% to 
about 30 wt%, and more preferably from about 3 wt% to about 20 wt% nickel oxide. 
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The catalyst further includes titanium, added as a stabilizer. The titanium may be delivered 
as a titanium-inclusive compound - the titanium precursor - such as, without limitation, titanium 
oxide, titanium hydroxide, titanium metal, and any organic form of titanium, preferably titanium 
oxide and titanium hydroxide. The titanium may be added to the catalyst, without limitation, with 
5 the calcium oxide, or after heat treatments, or at the time of nickel addition. 

Because of the presence of calcium aluminate as a component of the precursor, the catalyst 
has a substantially larger surface area and greater pore volume than conventional nickel on alumina 
steam reforming catalysts. The BET surface area of the calcium-promoted catalyst is at least about 4 
mVg, preferably from about 6 m^/g to about 30 mVg. The nickel specific surface area on the catalyst, 

10 measured by hydrogen chemisorption at room temperature, is greater than about 2 m^/g and 
preferably greater than 4 mVg. In addition, the pore volume of the calcium-promoted nickel catalyst 
is greater than about 0.2 cc/g, whereas the typical pore volume for conventional art nickel on alumina 
steam reforming catalysts is only about 0.08 to 0.15 cc/g. The calcium promotion also permits a 
better nickel dispersion on the catalyst body (as determined by using H2 chemisorption for nickel 

1 5 specific surface area). 

The catalyst of the invention is especially useful for reforming reactions where the feed 
stream contains at least 15 mole percent (and more typically 18-20 mole percent) of hydrocarbons, 
a low quantity of steam (less than about 20 mole percent, and preferably less than about 15 mole 
percent), significant quantities of CO and CO2 (at least 20 mole percent of CO + CO2 and typically 
20 more than 30 mole percent of CO + CO2), and, optionally, a relatively high quantity of sulfur 
compounds (greater than O.I ppm, and even up to about 20 ppm). The feed stream preferably has a 
H2O/CH4 of less than 0.8 and a CO2/CH4 of greater than 0.5. 
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The catalyst of the invention also operates well in conditions where carbon formation is 
thermodynamically possible as the catalysts exhibits higher carbon formation resistance than prior art 
nickel steam reforming catalysts. This catalyst is especially designed for use in reforming reactions 
which are not conventional steam-reforming reactions, such as for use in iron ore reduction, the 
production of methanol, Fischer-Tropsch synthesis and gas to liquid technology. These applications 
require a significantly lower ratio of H2:C0 and are therefore significantly different from a 
conventional steam reforming application. 

In order to illustrate the present invention and advantages thereof, the following examples 
are provided. It is understood that these examples are illustrative and do not provide any limitation 
on the invention. In particular, it is important to understand that the present invention is generally 
applicable to reforming reactions where the feed stream contains low quantities of steam and high 
quantities of carbon dioxide (H2O/CH4 < 0.8, CO2/CH4 > 0.5), but may contain relatively high 
quantities of sulfur compounds. The present invention is also generally applicable to use where the 
temperature of the reaction may subject conventional catalysts to form coke. 

Example 1: A catalyst carrier is prepared by blending about 36.29 kg of aluminum 
hydroxide and 1 1 .24 kg of calcium aluminate cement with 6.2 kg distilled water and 2.7 kg graphite. 
The mixture is then tabletted, autoclaved at 20- 100 psig for about 10 hours, and calcined for about 
8 hours at 120^C - 400X followed by calcining for about 5 hours at 1250X - 1350°C. The 
precursor is determined to contain 5.7 wt% calcium oxide with the balance being alumina. The 
precursor is then analyzed under x-ray diffraction and discovered to be comprised of major phases of 
alpha alumina, hibonite (CaO«»6Al203), and calcium aluminate (CaO°2Al203). Trace amounts of 
monoalumina calcium aluminate (CaO«'Al203) are also present. However, there is no detectable free 
calcium oxide. The precursor has a BET surface area of 2.5 mVg and a pore volume (measured by 
mercury penetration method) of 0.45 cc/g. The precursor carrier is then impregnated with a nickel 
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nitrate solution containing about 15 wt% nickel. The impregnated precursor is then calcined for 
about 2 hours at 400°C - 600°C. After calcination, the impregnation and calcination procedures are 
repeated twice for a total of three impregnations and three calcinations. The finished catalyst 
contains 13,3 wt% nickel. The physical and performance characteristics of the catalyst are reported 
5 in Table 1. 

Example 2: A catalyst is prepared as disclosed in Example 1 except the mixture comprises 
100 kg of aluminum hydroxide, 10.9 kg of calcium hydroxide, 38.1 kg of calcium aluminate cement 
and 9.1 kg of graphite, and the resulting precursor has a 17.2 wt% loading of calcium oxide with the 
balance being alumina. The major phases of the precursor are determined to be calcium aluminate 
10 and alpha alumina with no free calcium oxide detectable. Sufficient nickel nitrate is then 
impregnated onto the precursor to yield a nickel loading, after calcination, of 15.8 wt%. The 
physical characteristics and performance characteristics of this catalyst are disclosed in Table 1 . 

Example 3: A catalyst is prepared as disclosed in Example 1 except sufficient potassium 
carbonate is added to produce a precursor having a 16.8 wt% calcium oxide loading and a 2.0 wt% 

15 potassium oxide loading. A precursor is initially blended, tabletted, autoclaved and calcined at 
120°C - 400®C as in Example 1 . The potassium carbonate is then added, and the material is calcined 
for about 8 hours at 120X - 400°C followed by calcining for about 5 hours at 1250°C - 1350°C. 
The major phases of the precursor are determined to be calcium aluminate and alpha alumina with no 
free calcium oxide detectable. When the precursor is analyzed by x-ray diffraction, a small 

20 percentage of potassium aluminate KAlnOi? is also determined to be present. Sufficient nickel 
nitrate is impregnated onto the precursor to yield a nickel loading, after calcination, of 17.1 wt%. The 
physical characteristics and performance characteristics of this catalyst are disclosed in Table 1 . 
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Comparative Example 4: A catalyst carrier is prepared by blending 100 kg alumina powder 
with 400 kg water in a mixer to make a slurry. The slurry is spray dried at a temperature of 120^C to 
370^C. About 1 kg aluminum stearate powder is then added to the mixture and the mixture is 
tabletted and calcined at 1500°C - 1600®C for about 5 hours. The tablets are then impregnated with 
5 sufficient nickel nitrate to yield a nickel loading, after calcination, of 14.8 wt%. The physical 
characteristics and performance characteristics of this catalyst are disclosed in Table 1. 

Example 5: A catalyst precursor carrier is prepared as disclosed in Example 1 except 0.S2 
kg of titanium oxide is added to the aluminum hydroxide, calcium aluminate cement, and graphite 
mixture to result in a 1 .47 weight percent titanium oxide (or 0.88 weight percent of titanium) loading 
10 on the calcined catalyst precursor. The procedures of blending, tabletting, autoclaving, drying, 
calcination, and impregnation are exactly the same as in Example 1. The titanium-stablized calcium 
aluminate precursor is then impregnated with a Ni(N03)2 solution to give 9.6 wt% Ni loading after 
the nitrate was decomposed. The physical characteristics and performance characteristics of this 
catalyst are disclosed in Table 1 . 

15 Example 6: A catalyst is prepared by blending about 36.29 kg of aluminum hydroxide and 

1 1.24 kg of calcium aluminate cement with 6.2 kg distilled water and 2.7 kg graphite and about 0.70 
kg La2(C03)3 and about 0.67 kg Ti02. The mixture is then tabletted, autoclaved at 20 - 100 psig for 
about 10 hours, and calcined for about 8 hours at 120°C - 400°C followed by calcining for about 5 
hours at 1250*^C - 1350^C. Sufficient nickel nitrate is then impregnated onto the precursor to yield a 

20 nickel loading, after calcination, of 8. 1 wt%. The resulting catalyst comprises about 0.79 wt% La and 
about 0.92 wt% Ti. The physical and performance characteristics of the catalyst are reported in 
Table 1. 
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Example 7: A catalyst carrier is prepared by blending 36.29 kg of aluminum hydroxide, 
0.52 kg of titanium oxide, and 1 1.24 kg of calcium aluminate cement with 6.2 kg distilled water and 
2.7 kg graphite, and then the mixture is tabletted. The tabletted precursor is autoclaved, dried, and 
then impregnated with La2(C03)3 solution to yield, after calcination, a lanthanum loading of 2.0 wt% 
and a titanium loading of 0.88 wt%. The lanthanum-impregnated calcium aluminate precursor is 
calcined at about 1300°C for about 5 hours. The tablets are then impregnated with a Ni(N03)2 
solution to give 10.3 wt% Ni loading after the nitrate was decomposed. The physical characteristics 
and performance characteristics of this catalyst are disclosed in Table 1. 



TABLE 1 



Sample 


PV (cc/g) 


SA(mVg) 


Sample 


PV (cc/g) 


SA (m^/g) 


1 


0.28 


8.0 


5 


0.33 


6.5 


2 


0.24 


14.5 


6 


0.37 


17.0 


3 


0.24 


26.6 


7 


0.40 


7.4 


4 


0.12 


3.3 









Testing Procedures 

The activity of each catalyst is tested in a tubular reactor system. The catalyst is first 
reduced and then tested at a gas hour space velocity (GHSV) of about 100,000/h. The catalyst 
particles, having a typical size of about 5x7 mesh, are placed in a catalyst bed to test their 
performance in reforming a hydrocarbon feed stream. The feed stream consists of about 19% CO, 
18% CHa, 14% CO2, 13% H2O, 35% H2 (all mole basis) and 2 parts per million H2S. The H2O/CH4 
ratio is 0.74 and the CO2/CH4 ratio is 0.79. Due to the high GHSV, the reformed gas does not reach 
thermal dynamic equilibrium even at 1500°F (815.5°C). A typical reformed gas has an H2/CO ratio 
of 1.8. 

The carbon formation resistance of each catalyst is tested in a pressurized reaction as carbon 
formation is more pronounced at elevated pressures. The test temperature is at 1000°F (537. 8X) at 



Title: 
Inventors: 



Stabilized Nickel Calcium Aiuminate Catalyst 
Zhao and Cai 



Page 14 
Ref: 200308 13-001 A 



the inlet and ISOO'^F (815.5''C) at the outlet of the catalyst bed. N-hexane is used as the feed for the 
hydrocarbon. 300 cc of catalyst sized to 12 x 16 mesh are used as the testing media. Reforming is 
carried out at 350 psig (24.1 bars) by decreasing the steam to carbon ratio at a theoretical hydrogen 
space velocity of 3,167/h from 6.0 until carbon formation is detected . The pressure differentiation 
between the inlet and the outlet of the reactor is measured. As the steam to carbon ratio decreases, 
carbon formation occurs and significant pressure differential is observed. 

The catalyst of the present invention has an improved activity index and higher resistance to 
carbon formation than a conventional nickel on alumina catalyst. Further, the stabilized catalysts of 
the present invention demonstrate activity for a longer period of time than the conventional nickel on 
alumina catalyst or the nickel on calcium alumina catalyst. After about 250 hours on stream, activity 
of Ni/Ca-AI and Ni/Al is almost the same, but with the addition of a titanium stabilizer the activity of 
the Ni/Ca-Al catalyst is increased by about 20%. 

It is understood that variations may be made which would fall within the scope of this 
development. For example, although the catalysts of the present invention are intended for use as 
reforming catalysts for use in feed streams containing significant quantities of CO and CO2, low 
quantities of steam and relatively high quantities of sulfur compounds, it is anticipated that these 
catalysts could be used in other applications requiring reforming catalysts. The scope of the present 
invention can only be limited by the appended claims. 



